Abstract: This study is an attempt to understand regional variability of net primary productivity (NPP) of four major land cover classes (LCC), namely evergreen broadleaf forest (EBL), mixed forest (MF), grassland (GL) and crop land (CL), over the Indian Himalayan Region (IHR) including Nepal and Bhutan. The study period is chosen to be the 11 years of 2001-2011. Therefore, the spatial distribution along with inter-annual and total NPP is analysed using Moderate Resolution Imaging Spectroradiometer (MODIS) LCC and NPP products having a spatial resolution of 0.1 degree. MODIS NPP is based on algorithm developed by applying the radiation conversion efficiency logic to the prediction of daily Gross Primary Productivity (GPP), fractional absorbed photosynthetically active radiation, photosynthetically active radiation and other surface meteorological fields. Irrespective of the spatial distribution, the monthly maximum NPP for EBL, MF, GL and CL were found to be 6.4, 6.3, 4.5 and 4.6 gC.m -2
INTRODUCTION
Net primary productivity (NPP) is an important component in biosphere functioning and carbon balancing at regional and global scale as it provides a measure of the amount of CO 2 removed from the atmosphere through photosynthesis and respiration (Liu et al. 1999) . NPP is also an essential step in providing means of evaluating spatial patterns in productivity as well as inter-annual variation and long-term trends in biosphere behaviour. NPP represents the net carbon input from the atmosphere to the terrestrial vegetation (Melillo et al. 1993) and is one of the important biophysical variables presenting vegetation activities. Therefore, NPP is one of the most important components of the biogeochemical carbon cycle (Tan et al. 2007) . However, studies on the impact analysis and spatiotemporal dynamics of NPP are a new research topic and have attracted much attention recently. Such research activities are spurred by global issues, such as global change, indirect sustainable management and conservation of biodiversity (Jinguo et al. 2006) . Since NPP is the fundamental ecological variable, not only because it measures the CO 2 assimilation, but it also indicates type of the land surface area (e.g., crops, forests) and status of a wide range of ecological processes (Roy et al. 2001) , continuous monitoring of NPP, would therefore, be important to gather useful information for estimation of amount of CO 2 removed from the atmosphere by biosphere (Bonan 2008 , Grosso et al. 2008 , to understand the management of natural resources (Liu et al. 1997 ) and the global carbon cycle.
The Himalayan region is a hotspot of natural biodiversity and is extremely vulnerable to intensive anthropogenic activities and natural calamities. This highly fragile region having rugged terrain and unique topography is sensitive to regional and global-scale changes in climate (Palni et al. 1998) . Furthermore, changing landscape pattern, changing ecology and forest degradation are amongst the major environmental issues of Himalaya (Singh et al. 1984 , Ives & Messerli 1990 . Due to the heterogeneity and complexity of Himalayan ecosystems, a better understanding of the relationship between climate change and net primary productivity distribution is important to predict future carbon dynamics (Zhang et al. 2012) . Although, information regarding the changes in land cover classes (LCC) (Soni 2017) and NPP for the few selected regions of Indian subcontinent (Kumar et al. 2011) are available for large scale analyses for the entire country (Ramakrishnan 1988 , Chhabra & Dadhwal 2004 , Singh et al. 2011 , Bala et al. 2013 and for some Himalayan states of India (Agrawal & Goyal 1987 , Sharma et al. 1998 , Dhaulakhandi et al. 2010 , Joshi & Pant 2012 , Shrestha et al. 2012 , no detailed regional scale Himalaya specific analyses of changes in NPP associated with changes in LCC are available. Therefore, this study aims at exploring the temporal variation of regional scale NPP values over the Himalayan region using significant LCC. Within this overarching aim, particular objectives of this study include: (i) identification of trends of spatial changes in the major LCC, (ii) investigation of mean month wise NPP value for significant LCC (iii) variability estimation of annual sum of NPP over the Himalayan region for selected LCC and (vi) assessment of correlation between major LCC specific annual NPP and precipitation. (Fig. 1) . The entire domain has approximate size of 9.16 lac Km 2 . There were 17 different land cover classes for the entire domain. However, we have restricted our analyses for four major classes namely, evergreen broadleaf forest (EBL, accounts for 12.2% of the total land cover), mixed forest (MF, accounts for 24.8% of the total land cover), grass land (GL, accounts for 13.7% of the total land cover) and cropping land (CL, accounts for 11.1% of the total land cover) which altogether accounts for 61.8% of the total area of the IHR (Table 1) . However, the four major LCC do not include barren or sparsely vegetated land cover as, presumable, they are responsible for minute variation in the NPP values. Algorithm for the global scale production of annual land cover supplied by MODIS can be found in Strahler (1999) . In short, the MODIS land cover data were produced by compositing eight different land cover parameters from different MODIS channels with inputs from Earth Observatory Satellite on monthly basis. The final land cover data from MODIS were then validated with several ground observations for data improvement. The NPP values for the four dominant LCC of our study were obtained from the MODIS monthly global data set of NPP (www.neo.sci.gsfc.nasa.gov) for the time period of 2001 to 2011 having a spatial resolution of 0.1 degree. Details of the algorithm used to derive the MODIS NPP values can be found in Running et al. (1999) . However, a brief description of the algorithm is provided here. The fundamental notion of linear relationship between the absorbed photosynthetically active radiation (APAR) and the NPP (Monteith 1972 (Monteith , 1977 ) of a well-watered crop plant was used to produce this data. Although, such simplistic algorithm is insufficient to derive NPP values for the entire earth as many other meteorological and biological factors can modulate NPP of a plant (see Running et al. 1999 for detail) . Therefore, the present data were developed by applying the radiation conversion efficiency logic to the predictions of daily Gross Primary Productivity (GPP), using satellite-derived fractional absorbed photosynthetically active radiation (fPAR) and independent estimates of photosynthetically active radiation (PAR) and other surface meteorological fields. Subsequently, the NPP values were computed by subtracting the maintenance and growth respiration terms from GPP. The maintenance respiration and growth respiration components were derived from allometric relationships linking daily biomass and annual growth of plant tissues to satellite-derived estimates of leaf area index. To address fourth objective, TRMM (Tropical Rainfall Measuring Mission) precipitation data having spatial resolution of 0.25 degree (see TRMM 2011 for detail) was downloaded from the website http://disc.gsfc.nasa.gov/datacollection/TRMM_3 B43_V7.shtml for above mentioned time period and further analysed with ArcGIS software.
METHODOLOGY

Study area and data used
In order to address the first objective of this study, at first, the annual global land cover values were extracted for the Himalayan region over the period 2001 to 2011 using the ArcGIS version 10.0 software. Next, the four dominant LCC (EBL, MF, GL and CL) were identified and number of pixels within the study domain for individual LCC was counted. The spatial resolution of remote sensing data was 0.1 degree. Therefore, total area covered by individual LCC for each year of study was computed. Finally, trend of LCC-wise spatial distribution was computed using simple linear regression. To address the second and third objective of this study, using the similar method of LCC extraction, NPP values were extracted for each LCC. Then, arithmetic mean of NPP values of each month was estimated and their spatial distributions were studied. The average monthly maxima of NPP ( ̅̅̅̅̅̅̅̅̅̅ ) over the 11 years period was computed following: Similarly, the average total NPP value for a particular month and summed over the 11 years of data period ( ̅̅̅̅̅̅̅̅̅ ) was computed following: 
RESULTS AND DISCUSSION
The four major LCC for this study are EBL (Class 1), MF (Class 2), GL (Class 3) and CL (Class 4). The annual land cover distribution of these classes for the entire IHR over the period of 2001-2011 shown in figure  2 . A quick look on the LCC throughout 2001-2011 reveals that the maximum forest (EBL and MF) distribution of the IHR is concentrated in the eastern Himalaya. When the spatial distribution of each of this classes were analysed for the entire Himalayan region, it was found that the distribution of EBL was restricted within the eastern Himalayan region with exception of the Brahmaputra river valley area, which was mostly dominated by croplands, presumably rice paddies. The westernmost significant distribution of EBL was observed near the border of the state of West Bengal of India and Nepal. The MF was found to be ubiquitously distributed over the eastern and central Himalayan region, whereas over the north-western IHR, distribution of MF was found to be sparse. As expected Most of the CL areas were observed near the lower altitudes and, GLs were observed in the higher altitudes. Two significant concentrations of GL were observed in the upper region of the Indian state of Kashmir and over the high altitudes of Central Nepal.
In order to estimate the rates of changing area distribution of the selected LCC, trend lines were produced for an area of each LCC using linear regression method (Fig. 3) . It was observed that except for MF, land cover areas of all the other three classes were decreasing. The rate of land cover area enhancement of MF was found to be 177.2 Km 2 .year -1 (r 2 = 0.13) for the study period. Although, rates of land cover area decrement for the EBL, CL and GL were found to be 43.5 (r 2 = 0.03), 30.9 (r 2 = 0.03) and 81.0 Km 2 .year -1 (r 2 = 0.22). Reduction of the EBL forests of the eastern Himalayan region can be attributed to the decreasing trend of rainfall and moisture availability of the region for which a significant proportion of the EBL forest type is replaced by MF category (Chakraborty 2009 , Reddy et al. 2013 . Similarly, reduction of high altitude GL of IHR can be attributed to overgrazing and decrement of rainfall resulting replacement of GL by barren and sparsely vegetated land (Pandit et al. 2007 , Farooq & Rashid 2010 , Reddy et al. 2013 . In order to investigate the average month-wise variation in the NPP values of selected classes, first we have explored the spatial variation. It is obvious that the spatial distribution of NPP (Fig. 4) of a LCC would only correspond to the spatial distribution of that particular LCC, however, the month-wise maximum and minimum of NPP would be different. To start with the spatial distribution of monthly averages of NPP of EBL, it was observed that the maxima of NPP (> 5 gC.m -2 .day -1 ) for EBL forests were mostly concentrated over the ) were mostly observed for those regions which were adjacent to the MF category. .day -1 , respectively. The ̅̅̅̅̅̅̅̅̅̅ for EBL and MF were observed for the month of April and May, whereas the same for GL and CL were observed for the month of June and July. The peak values of GL and CL for June-July can be attributed the highest growth of the respective vegetation due to monsoon rainfall. The NPP values for both EBL and MF category were found to have two maxima on April and October, whereas the GL was found to have a single peak. This variation in the NPP values can be easily attributed to the peak of leaf initiation and leaf senescence. When the month-wise average of total NPP were investigate for our selected LCC (following equation (2)), variations were found to be mostly matching the trend of ̅̅̅̅̅̅̅̅̅̅ values, except for the MF category, for which the highest value of ̅̅̅̅̅̅̅̅̅ were observed for the month of October (5895.8 gC.m -2 .day -1 ) ( Fig. 5B) .
Finally, when the total NPP values of each year for the selected classes were estimated following equation (3), a significant reduction was observed for the MF category during 2004 and 2005 (Pandit et al. 2007 , Chakraborty 2009 , Farooq & Rashid 2010 , FSI 1999 . However, no such significant reduction in other LCC were observed for that period. The overall trend in the values for the EBL, GL and CL were found to be decreasing with the rate of 307.3 (r 2 = 0.1), 185.1 (r 2 = 0.5) and 822.5 (r 2 = 0.7) gC.m -2
.day -1 . Although, values for the MF category was found to have a small rate of annual enhancement during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] 16 .0 (r 2 =0.0) gC.m -2 .day -1 (Fig. 6 ). The annual reduction in the NPP values of all the four major LCC was found to be 1.3 KgC.m -2 .day -1 (r 2 = 0.24).
To justify above mentioned reduction in trend of major LCC and , trend was assessed between four major LCC specific annual NPP and precipitation (Fig. 7) . It was observed that precipitation was decreasing with a rate of 6 mm.hr -1 (r 2 = 0.01). However, precipitation was correlated with NPP values of all the four major LCC to identify significant values. The observed value (r 2 ) for of EBL was -0.5 (p-value = <0.001), MF was 0.2 (p-value = <0.04), GL was 0.8 (p-value = < 0.001) and CL was 0.3 (p-value = <0.001) (Fig. 8) . The detailed analysis has yielded a few surprising results about LCC and NPP. In corroboration to the results published in Reddy et al. 2013 . It was found that LCC and NPP of EBL were decreasing over the Himalayan region in the last decade (Gupta et al. 2006) , while LCC and NPP of MF showed increasing trend over the study area. However, such a significant decreasing trend was also observed for the remaining two classes i.e. GL and CL and, the total area covered by these last two classes were comparatively smaller than EBL and MF. In the case of GL, the primary productivity during December to February remains minimal due to very low temperature in the Alpine region where grasslands are mostly found. Similarly, pre-monsoon months of April to May remain non-productive for CL due to dry summer. Although, the variation in NPP associated to CL for the summer months was found to be area specific as the Brahmaputra river basin area in the North-eastern region showed a high variation in productivity whereas the same for the lower part of Central and Western Himalayan region showed little variation. 
CONCLUSIONS
This study is aimed at measuring the satellite-based NPP values to quantify the spatial and interannual variations over the IHR for a period of 2001-2011. Out of seventeen different land cover classes of the IHR, four dominant LCC were identified. It was observed that the land cover area and NPP of MF are maximum among all other LCC of IHR having an increasing trend for the period of 2001 to 2011. It was also observed that EBL is dominant in the North-eastern Himalaya having comparatively lesser spatial area than MF. The total annual NPP of EBL was also found to be decreasing. The total annual NPPs of GL and CL were also observed as decreasing the rates of 185.1 and 822.5 gC.m -2 .day -1 . The NPP products available from the website (www.neo.sci.gsfc.nasa.gov) were used for this study which had a spatial resolution of 0.1 Degree. No extra algorithm was used in this work to improve the regional scale estimate of NPP. Therefore, the NPP estimation presented in this work could be further improved if a finer resolution NPP and LCC product is used in the future. This work can further be extended in the context of climate change if long term climate and NPP products are available.
